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Abstract 

In this paper we study the finite-frequency current cross-correlations for a topological superconducting nanowire attached 
to two terminals at one of its ends. Using an analytic ID model we show that the presence of a Majorana bound state 
yields vanishing cross-correlations for frequencies larger than twice the applied transport voltage, in contrast to what is 
found for a zero-energy ordinary Andreev bound state. Zero cross-correlations at high frequency have been confirmed 
using a more realistic tight-binding model for finite-width topological superconducting nanowires. Finite-temperature 
effects have also been investigated. 

Contribution for the special issue of Physica E in memory of Markus Biittiker. 


1. Introduction 

One of the prototypical systems which host Majorana 
Bound States (MBS) is the Kitaev chainjl], a discrete 
model for a one-dimensional p-wave superconductor. Such 
a model can be realised in a semiconducting nanowire with 
strong spin-orbit coupling by placing it in close proximity 
to a s-wave superconductor, thus inducing superconduc¬ 
tivity in the wire, and applying a strong magnetic field 
which leads to a large Zeeman splitting[2, 3]. With possi¬ 
ble solid-state realisations available, several experimental 
studies have gathered evidence compatible with the exis¬ 
tence of MBSs[4, 5, 6, 7, 8]. As a result, the quest for 
an unambiguous signature of the presence of a MBS has 
become a priority and is stimulating a significant research 
effort[9, 10, 11, 12, 13]. Up to now only a few papers have 
focused on the consequences of MBSs on the behaviour of 
current correlations [14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 
24]. Very recently Haim et al. (Ref. [25]) have considered 
the spin-resolved current cross-correlations, finding that 
they are negative for a MBS in the case of correlations 
between opposite spins. 
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In this paper, we consider a semi-infinite topological 
superconducting wire attached to two normal terminals 
at one end, as shown in Fig. 1. A bias voltage V is ap¬ 
plied to the two normal contacts (labelled 1 and 2), while 
the superconducting wire is grounded. We calculate the 
cross-correlations at finite frequency between the currents 
/i and I 2 flowing in the two normal leads. Our main find¬ 
ing is that the cross-correlations at frequencies larger than 
twice the voltage V vanish at zero temperature, when the 
superconducting wire is in the topological phase. On the 
contrary, in the presence of an ordinary zero-energy An¬ 
dreev Bound State (ABS), which similarly to a MBS gives 
rise to a zero-bias peak in the differential conductance, the 
cross-correlations at high frequency are in general non-zero 
and depend on the details of the system. The origin of 
this phenomenon can be attributed to the peculiar struc¬ 
ture of the energy-dependent scattering matrix for reflec¬ 
tions off a MBS. In addition, at zero-frequency the cross¬ 
correlations are always negative in the presence of a MBS, 
analogously to the case of spin-resolved spin-up/spin-down 
cross-correlations[25], but may be positive in the case of 
an ABS. These results have been obtained with a simple 
analytical model whereby two normal leads are coupled 
either to a Majorana state or a zero-energy level. Zero 
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Figure 1: Schematic setup of the system. A superconducting (S) 
nanowire, which can be driven in and out of the topological phase 
by an applied magnetic field, is contacted by means of a beam splitter 
to two normal (N) leads, labelled 1 and 2. 


cross-correlations at high frequency are then confirmed 
using a more realistic tight-binding model based on the 
semiconducting-nanowire realisation of a one-dimensional 
p-wave superconducting wire. 

2. Formalism and methods 

In this section we briefly review the scattering approach 
for the finite-frequency current-current correlations in hy¬ 
brid superconducting systems [26] . The (non-symmetrized) 
current-current correlator between lead i and i' is defined 
as 

Su'it) = (hit)h'iO)) - ( 1 ) 

where Ii{t) is the current^ operator at time t relative to 
terminal i and (• • •) stands for the quantum-statistical av¬ 
erage. Taking the Fourier transform of Su' (t) one obtains 
the finite-frequency correlator as 


Su'{uj)= I ( 2 ) 

Within the Landauer-Biittiker scattering approach[28, 30], 
the finite-frequency current-current correlator in a hybrid 
superconducting system, calculated in the normal leads, is 


^In this paper we consider only quasiparticles current and neglect 
the role of displacement currents; the latter might induce correc¬ 
tions to the noise at high frequency in the case of strongly energy- 
dependent density of state [27, 28, 29]. This must be taken into ac¬ 
count in the analysis of actual experimental data. Such corrections, 
however, depend on the details of the system and their discussion is 
beyond the scope of the present paper. 
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where the indices a,a',l3,(3' S {±1} indicate electrons 
(-1-1) and holes (-1) in Nambu space, cr, t' refer to 
the spin-projection quantum number and label 

the leads. The Fermi distribution function in the normal 
lead i for a a-like particle at temperature T and voltage 
Vi is given by 
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Moreover, in Eq. (3) we have defined 

(/3. E, E', T, i) = SapScrrdjiSa'pSa'Tdj'i 

-[^Z^{E)Ys^^£’^'{E'), (5) 


where {E) is the scattering amplitude at energy E 
for a a-like particle with spin cr injected from lead j to 
be reflected as a ,5-like particle with spin t in lead i. In 
the rest of this paper, we shall focus on the symmetrized 
noise, defined as w), since this 

is the quantity that is measured by a classical detector 
[31]. We shall furthermore assume that the two normal 
terminals are kept at the same voltage (Vi = V 2 = V). 


3. Analytic ID model 


The system depicted in Fig. 1 can be modelled in a 
simple way by composing[30] the scattering matrix of 
a normal lead coupled to a Majorana state with the scat¬ 
tering matrix of a 3-leg beam splitter, which describes 
the connection to terminals 1 and 2. The matrix can 
be calculated from the Hamiltonian describing a normal 
lead coupled to a Majorana state (see Ref. [25]) 

= E + *7 E + taYla) > (6) 

k,(T fc,(7 

where the first term describes the lead, ipka being the cre¬ 
ation operator of a spin-cr particle with momentum k and 
energy ek, and the second term the coupling to the lo¬ 
calised Majorana fermion 7 . Without loss of generality, 
we assume the coupling parameters and to be real. 
Using Eq. ( 6 ) the scattering matrix in Nambu space takes 
the following form 
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where = 2TTiyo\t^\^, = 27rr'o|tiP, T = -|- with 

Vo being the density of states of the normal leads, while 
and are determined by particle-hole symmetry 

= [rA,- 0 i-E)r- 

Assuming no spin mixing to occur in the beam-splitter, 
the block of the scattering matrix for spin-cr electrons 
is a 3 X 3 unitary matrix which can be parameterized as 
follows [32] 


( 10 ) 



Here Xi( 2 )a- is the scattering amplitude for an electron with 
spin a injected from lead 1(2) to be transmitted in 3 (with 

+ Aa < 1 ), = -si^l - AL - AL (with Si = ± 1 ) 

is the scattering amplitude for an electron to be reflected 
back in lead 3, ba- = -XiaX 2 ais 2 + Ca)(Xj^ -I- (with 

S 2 = ±1) is the amplitude for an electron to be transmitted 
from lead 1 to 2, and ai^ = ( 32 X 2 ^ - Co-Aig.)(Af^ -I- A|^)“^ 
[a 2 cr = (S 2 A 10 . - CcrA 2 o.)(Ai^ -|- A|^)“^] is the amplitude for 
an electron to be reflected back in lead 1(2). Hereafter, 
if not otherwise stated, we fix si = —1 and S 2 = - 1 - 1 . 
The 3x3 block of the scattering matrix s^® for spin-cr 
holes is related to the one for electrons by the electron-hole 
symmetry relation s)]^ = s)]®*, while the Andreev blocks 
are zero. The total scattering matrix s*’® has dimensions 
12 X 12. 

By substituting the scattering matrix obtained from 
the composition of s^® and s^ into Eqs. (3) and (5) one 
gets the cross-correlator 5 'f 2 (w) plotted as a dashed red 
line in Fig. 2 for zero temperature and full spin degener¬ 
acy. Fig. 2 shows that S'f 2 is negative at w = 0 and there¬ 
after decreases exhibiting a minimum around hu) = eV. 
Remarkably, the noise vanishes at frequencies higher than 
2eV. While the occurrence of a minimum is not a generic 
feature, we find that <S'f 2 ( 0 ) < 0 and that — 0 for 

hw > 2eV independently of the choice of parameters Fg-, 
Aicr and A 2 cr, hence these two characteristic features persist 
even when the spin degeneracy is removed. As an exam¬ 
ple, the solid blue line in Fig. 2 shows the cross-correlator 
S-s for F^ = 0.1 eH, F^ = 0.2 eH, Ai^ = 0 . 8 , A 2 t = 0 . 6 , 

Au = 0 . 6 , A 2 ^ = 0 . 8 . 

In contrast to the MBS case, the behaviour of S'f 2 (a;) 
is different in the presence of an ordinary zero-energy An¬ 
dreev bound state (ABS). This can be realised in a Zeeman- 
split resonant level strongly proximized by an s-wave su¬ 
perconductor, which we describe through the following 



Figure 2: Symmetrized current cross correlator 5^2 (^) ^ function 

of frequency in the presence of a MBS for a spin-degenerate system 
(dashed red curve) and for the case of broken spin-degeneracy (solid 
blue curve). For the spin degenerate case the values of the system 
parameters are: Fo- = 0.05 eV, Ai^- = 0.5 , \ 2(7 = 0.6 , si = —1 
and S 2 = H-l. For the case of broken spin degeneracy the values of 
the system parameters are: F.^^ = 0.1 eV, F^ = 0.2 eV^ Ai^ = 0.8, 
A2'I' = 0.6, Ai^ = 0.6, A24, = 0.8. 


reflection-amplitude matrices in spin space [25] 
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where, and are determined as usual by electron- 
hole symmetry A^p{E) = [r^^, _^(—E)]*. We find that 
S 12 A) is in general finite even at high frequencies. As an 
example we plot in Fig. 3 the cross correlator as a function 
of frequency for a case of broken spin degeneracy. 

As we shall show below, the vanishing cross-correlator 
in the presence of MBS is a result of the peculiar struc¬ 
tural properties of the energy-dependent scattering matrix. 
This is easier to understand by abandoning the beam split¬ 
ter and by noticing that the index a in the Hamiltonian 
( 6 ) can be thought of as identifying a terminal instead 
of a spin projection. Such a Hamiltonian would describe 
a Majorana state 7 separately coupled to two different 
single-channel, i.e. fully spin-polarized, normal terminals 
without explicitly needing an additional beam splitter. In 
this case, the reflection amplitudes in Eqs. ( 8 ) and (9) can 
then be rewritten in the normal-terminal space as 
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Figure 3: Symmetrized current cross correlator 5 ^ 2 (^) ^ function 
of frequency for an ABS, for the following values of the system param¬ 
eters: r-i- = O.leV^, Fj^ = 0.2eV^, = A 24 , = 0.7, A 2 '|' = ~ 0.4, 

Si = —1 and S 2 = + 1 . 



Figure 4: Setup of the structure for the numerical tight-binding 
model. A semiconducting nanowire of width w with strong spin-orbit 
coupling and proximized by an s-wave superconductor (vertical blue 
region 3) is attached to a normal semiconducting nanowire (red hor¬ 
izontal regions 1 and 2). Two barriers (black stripes) in proximity 
of the junction are used to reduce the direct coupling between the 
two normal leads. An in-plane magnetic field B, which can affect 
either both nanowires or just the superconducting one, controls the 
topological phase transition. 


where now is the coupling strength to lead i and T = 
Ti + r 2 . The cross-correlator can now be calculated by 
substituting the scattering matrix (7), with (13) and (14), 
in Eq. (3). Assuming for the sake of simplicity Ti = r 2 = 
r /2 one obtains 

if|fiw|<2|eV| 

0 if l/iwl > 2|eV|. 

(15) 

We have explicitly checked that 5 'f 2 (a;) = 0 vanishes for 
\fujj\ > |2eV| also when T, ^ r 2 . Incidentally the autocor¬ 
relations for this case are given in Appendix B. As shown 
in Appendix A, the reason why the high-frequency cor¬ 
relator vanishes at zero temperature, is the fact that the 
2 x 2 matrices and are related by 

= ^ + (16) 

where I is the 2x2 unity matrix. At finite tempera¬ 
ture T, the cross-correlator is exponentially suppressed for 
\fujj\ > 2|eV| as long as ksT ^ 2|eV| and the frequency 
is such that \tiu)\ — 2\eV\ ^ ksT. For the sake of com¬ 
pleteness, it is important to notice that a MBS located at 
the end of a superconducting wire can be coupled to two 
normal leads through a 3-leg structure which in general 
does not ensure that the two leads are only coupled via 
the MBS. Indeed, for the 3-leg beam splitter modelled by 
the scattering matrix in Eq. (10) the two leads are not 
coupled separately due to the transmission coefficients b„. 
Nevertheless, it turns out that when S 2 = +1 the rela¬ 
tion (16) holds for any choice of the other parameters and, 
as shown in Fig. 2, the cross-correlations vanish at high 
frequency. This is however not the case when S 2 = ~1- 


4. Numerical results 

The results obtained with the minimal model reported 
in the previous section still hold for a more realistic situa¬ 
tion. For this purpose, we consider a system based on semi¬ 
conducting nanowires with a strong spin-orbit coupling. In 
the presence of a Zeeman field and an induced s-wave su¬ 
perconducting order parameter, a strongly spin-orbit cou¬ 
pled nanowire hosts MBS at its ends when the parameters 
are properly tuned (see Refs. [33, 34, 35]). The system we 
simulate is described in details in Fig. 4: a superconduct¬ 
ing nanowire (vertical) is attached to the side of a normal 
nanowire (horizontal). Two barriers (black stripes) are in¬ 
cluded in the normal nanowire in order to suppress the 
direct coupling between terminals 1 and 2 and make the 
MBS couple separately to the two normal reservoirs, at 
least to some extent. The tight-binding Hamiltonian of 
the superconducting nanowire reads 

= 4.aCj,<T + (eS -f^)Y 4.aCi,<T 

i,<y 

+ *Aso Y (1"^) 

where t is the hopping energy, £3 = 4t is a uniform on-site 
energy which sets the zero of energy, Aso is the Rashba 
spin-orbit (SO) coupling strength, B is the Zeeman energy 
in the wire, A is the induced superconducting pairing, cr* 
are spin-1/2 Pauli matrices, = x ■ dij, and = y ■ 
dij with dij = (vi — rj)/\ri — rj\ being the unit vector 
connecting site j to site i. The Hamiltonian of the normal 
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nanowire reads 


Hn = ^ + (^N - M) 51 4.aC*.<. 
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and the barriers are implemented by means of the following 
term: 


/ (br) (bR) 
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where the superscripts (bn), (bn) and (bn) in the sums in¬ 
dicate that the sites i,j are at the interfaces of the left (L) 
and right (R) barriers and between the horizontal wire and 
the vertical one (D), respectively. The parameters rjL, ijn 
and r]D are the strengths of the coupling to the left, right 
and bottom regions, respectively. Lead 3 is grounded while 
leads 1 and 2 are kept at the same voltage V. In Eq. (18) 
En is a uniform on-site energy and B' is the Zeeman energy 
in the normal wire, which we choose to be either 0 or the 
same as the Zeeman energy B of the superconducting one. 
In the following, we set rjjj = 1, rjL = ijji = 0.1, /r = 0, 
•^so = 0 -li; ^ = 0 - 1 ^ and nanowire’s width tc = 10 sites. 
Moreover, if not otherwise stated, we fix eV = 3 x 10“^t. 

Let us first consider the case when en = £s and B' = 
B, so that the normal nanowire supports a single, spin- 
polarised open channel. We have checked that, in the 
topological phase {B = 0.2t), the Andreev and normal re¬ 
flection matrices [r^^{E) and r^{E)] are very well approx¬ 
imated by the analytical expressions (13) and (14), with 
Ti ~ r 2 ~ 1.625 X 10“®t ~ 0.054eR. In Fig. 5 the cross¬ 
correlator 5 'f 2 (a;) is plotted for different temperatures. At 
zero temperature (solid blue line) the behaviour is qualita¬ 
tively the same as the one for the analytical model plotted 
in Fig. 2. At finite temperatures the dip at huj ~ eV 
is suppressed, while the noise at high frequencies remains 
exponentially small in hio/ksT. 

As discussed at the end of Sec. 3, a three-leg junc¬ 
tion gives rise in general also to a direct coupling between 
the two normal terminals. This coupling can be controlled 
by the two barriers in the normal nanowire which tune 
the transparencies and rjn in Eq. (19). We studied 
the influence of the direct coupling on the cross-correlator 
S'f 2 (u;) and plotted in Fig. 6 the cross-correlator for dif¬ 
ferent values of the transparencies rji^ and rjji which, for 
simplicity, we assume equal, that is rjL = rjn = rj. Be¬ 
sides a general increase of the noise magnitude due to the 
broadening of the scattering probabilities peaks, one can 
notice that for higher transparencies S'f 2 (w) tends towards 
a linear behavior for small frequencies. For intermediate 
values of transparencies, the value of the cross-correlator 


Figure 5: Symmetrized noise 5^2(:v) calculated for the realistic 
system in the topological phase for different temperatures, with a 
single open channel in the normal nanowire. The parameters for 
normal and superconducting nanowires are /r = 0, Aso = O.lf, 
B = B' = 0.2t, u) = 10 sites, and A = O.lt. 

at high frequencies becomes non-negligible. As expected, 
the direct coupling of the normal leads renders the effect 
of the MBS less visible. 

We also investigated the role of multiple (spin-) chan¬ 
nels in the normal nanowire by setting en = 3.8t and 
B' = 0, while all the other parameters are the same as in 
the previous case. With such a choice of parameters there 
are two (opposite-spin) channels for each normal terminal. 
The cross-correlator Si 2 {^) in such a regime at zero tem¬ 
perature is almost equal to the T — 0 curve in Fig. 5, i.e., 
S'f 2 ( 0 ) < 0 and 5'f2(w) ~ 0 for \Hu}\ > 2|eF|. 

We shall now study the case of an ordinary ABS occur¬ 
ring at zero energy and verify that it yields non-vanishing 
cross-correlations for \hu!\ > 2|eI4|. First we note that the 
occurrence of a zero-energy ABS implies a peak in the An¬ 
dreev reflection probability only if at least 2 open channels 
are present in the normal nanowire (otherwise because of 
the Beri degeneracy, the Andreev reflection probability is 
either 1, for the topological phase, or 0, for the trivial 
phase). To do so, we fix the parameters of the normal 
nanowire as follows: En = 3.8t and B' = 0. In order to be 
in the trivial phase we also put B = O.lt. Furthermore, we 
add a gate voltage Vg and a magnetic field B” in the region 
between the barriers in order to tune the Andreev reflec¬ 
tion probability to have just a single peak at the Fermi 
energy and nothing more structured in the whole subgap 
energy range. This is realised by an additional term in the 
Hamiltonian: 

E . (20) 

i,(T z,cr,(T' 

The cross-correlator 5'f2(a;) in the presence of a zero 
energy ABS is shown in Fig. 7. The main differences with 
respect to the MBS are the increasing behaviour at very 
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Figure 6 : Symmetrized noise 5 ^ 2 (^) zero temperature calculated 
for the realistic system in the topological phase for different trans¬ 
parencies 7 ], with a single open channel in the normal nanowire. The 
parameters for normal and superconducting nanowires are /i = 0 , 
Ago = O.lt, B = B’ = 0 . 2 i, tu = 10 sites, and A = O.lt. 

small frequencies and the evident non-zero noise at high 
frequencies. 

5. Conclusions 


Figure 7: Symmetrized noise 5^2 (^) calculated for the realistic sys¬ 
tem in the trivial phase with a zero energy ABS at zero temperature, 
with two open channels in the normal nanowire. The parameters for 
the normal nanowire are /i, = 0, £iv = 3.8£, Ago = 0, .B' = 0 , uj = 10 
sites, while for the superconducting nanowire are = 0, eg = At, 
Ago = O.lt, If; = 10 sites, A = O.lt, B = O.lt and for the gate are 
Vg = 0.25147785t and B" = 0.2t. 


Appendix A. Vanishing cross-correlations for |/iu;| > 
|2ey| 


We have presented a comprehensive study of the fi¬ 
nite frequency current cross-correlations for a MBS cou¬ 
pled to two different normal reservoirs. By introducing 
a simple model for a MBS coupled to normal degrees of 
freedom combined with a three-leg beam-splitter, we have 
obtained all finite frequency current correlations by means 
of the scattering approach to mesoscopic transport. We 
find that the topological regime is characterised by van¬ 
ishing cross correlations for \huj\ > 2|ey| and negative 
cross correlations at zero frequency. The cancellation of 
high-frequency fluctuations is due to the particular rela¬ 
tion between normal and Andreev scattering that is ful¬ 
filled in the MBS case. The absence of this feature in the 
noise spectrum would rule out the MBS as the origin of 
the vanishing cross-correlation. We have then verified that 
all results are still valid for a more realistic tight-binding 
model for finite-width nanowires. 


In this Appendix we prove that the scattering matri¬ 
ces in Eqs. (13) and (14) yield vanishing cross-correlations 
for frequencies > |2eV|. Here we actually consider a 
scattering matrix that generalises the relation of Eq. (16), 
namely including additional phases, and can thus be parametrized 
as 


s%{E) = S.,S^P + 4_{E) 




(A.l) 


where and (j>j are energy-independent phases. ^ In this 
Appendix, i and j are collective indices for transport chan¬ 
nels which represent a pair of degrees of freedom, namely 
terminal number and spin. 

Let us consider the case of different-channel cross-correlation. 
The two channels (labelled 1 and 2 for simplicity) can be 
either in the same lead with different spins or in different 
leads, in which case the spin is not important. Eq. (3) 
becomes 
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Let us consider the quantity 


Baa' (w) = ^ sign(/3)sign(/3') (A.3) 

l,k 

X {Sap^llSa'lsSkl — [s^^aiB)]*S^0a'(B + fi^)} 

X {'5a'/3'<5fc2^a/3'<5i2 ~ [s'^a'i^ + f^)VaiB)}, 

which is composed by 4 terms. 

The first term 

Baa'i^^) = ^sign{/3)sign{P')Saf3Sllda'l3SklSa'l3'Sk2Sal3'Sl2 

l,k 

P,P' 

(A.4) 

is identically zero because of terms like 5ii5i2 = 0. 

The second term is 

Bal'i'^) = - X! sign(/3)sign{^')i5a/3(5a^a'/34i (A.5) 

l.,k 

0,0' 

x[sf^,{E + h.)rs%jE) 

= -(5c<a'sign(a){[s+’„(£; + ha;)]*s+’„(£’) 

-[sl\iE + hko)rsl\m- 

The condition of Eq. (A.l) implies that B^^,(u,) = 0. 

The third term is 

Bal> (^) = - ^ sign(/3)sign(/3')4'/3'424/3'(5i2 (A.6) 

l,k 

X [s^^a{B)Ysfa'{B + fu:j) 

= - 4 a'Sign(a){[s+„(A)]*s+„(E; + hw) 
-[s^\{E)Ys^\{E + hu^)}. 

As for the second term, the condition of Eq. (A.l) implies 
that = 0. 

The forth term is 


Notice that (‘X’) does not depend on a and a' but for 
the sign, thus Eq. (A. 2) reduces to 

2 /•+ 0 O 

^ 12 ( 0 ;) = ^J dE[{s]^_{E)slUB + hw)e^^'^^+^-^r 
+ 44 (A)s(^4 (E + huj) ed'^i+'^ 2 )] (a.9) 

X ^ sign(a)sign(a')/a(E) [1 - fa'{E + Hu;)]. 

a,a' 


It is possible to show that for T = 0 and hw > 2eV or 
hu! < —2eV the following expression holds: 


E{E,uj) = ^ sign(a)sign(Q;')/a(£^) [1 - fa'{B + huj)] = 0, 

O',a' 

(A.IO) 

thus the (symmetrized and non-symmetrized) cross-correlator 
is zero for frequencies higher than 2eE. 

At finite temperature T, the previous quantity does not 
vanish and evaluates to 




• ur 12 

' sinh[ ' 


ksT^ 

(A.ll) 


.E — cE “b huj, ,E-\- cE “b hcc, 
X sech[- ——^ -J sech[- 


2 /cbT 


2kBT 


which is exponentially vanishing, for Huj > 2eE, as long as 
ksT ^ 2eE and the frequency is such that Huj — 2eV ^ 
keT. 


Appendix B. Auto-correlations 

In this Appendix we consider the auto-correlations for 
the model of Sec. 3 in the case where the beam splitter is 
absent (or equivalently when the scattering matrix of 
Eq. (10) is characterized by Aio- = 1 and X 2 a = 0). In this 
case the auto-correlator S'ii(w) for a MBS is calculated by 
substituting Eq. (7) in (3). Assuming one gets: 


^ia'(w) = sign(/3)sign(/3')[s4(-^)]* (^'4 

l,k 

0 , 0 ' 

X sfAB + hv)[sl^a'{B + nuj)Ys^^,^{E) 

= Y.{[s^UB)rs%{E + huj) - [s^\{E)]*s^X,{E + huj)} 

l,k 

X {[sfAB + huj)Ysl^{E) - [s^X,{E + huj)Ys^\{E)}- 

Because of Eq. (A.l), the only nonzero contributions to 
B^^\(uj) are the ones with I = 1 and k = 2 or I = 2 and 

cta X j 

fc = 1 , and Eq. (A.7) simplifies to 

Bal'{^^) = sign(a)sign(Q!')[(s+4(A)s4(^ + Bo) 

+ 4_(A)s 4(A -b M (A.8) 


2h ‘^^iE^+T^)[iE + hLj)^+T^]^ 

(B.l) 

{[4r2 -b {hujf]{E++ + E._) + {2E + hw)4j'+_ -b j'-+)} 


where 

Ea0 = faiB)[l- ffi{E + hL0)]. (B.2) 

We can discuss some limiting situations for the sym¬ 
metrized noise, defined as Ss{uj) = S'ii(a;)-bS'ii(—w), and 
assuming eE > 0. At zero temperature Eq. (B.l) gives 


2 e 2 

Ssiuj) = 

+ 4 '" 


, f hui + eV 
Arctan I - - - 

r2 -b {Huj - eV f 
(eE) 2 -br 2 


A I'eV 

Arctan 1 — 


(B.3) 
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ioT 0 < huj < 2eV, and 


2 e 2 

Ssiiv) = -^r 
n 


Arctan 


huj + eV 


Arctan 


hw — et^ 


r 


for hu > 2eV. 

At eF = 0 one finds 


Ss{uj) = —rArctan ( 


whereas for eV ^ 0, but w = 0 one finds 

„ 4e2^/, ey TeV 

^"(0) = irr (Arctan-- 


(B.4) 


(B.5) 


(B.6) 


The small-frequency expansion {hio <C eV or hio <?; T) of 
Eq. (B.3) reads 


Ssiuj) cs SsiO) 


4e^ 


h (r2-h(eE)2)2 
2e2 r2eE(3r2 - 5(eE)2) 


Hu! 


(B.7) 


h 3(r2 -h (eE)2)3 


{hujY 


Note that the quadratic term in hw contributes positively 
to the noise only if T > ^JhJieV. Now, by assuming that 
r eV, i.e. in the limit hio <^T eV, Eq. (B.7) becomes 


Ss{u:) ~ Ss{Q) ■ 


4e^ 


eE 


hw, 


(B.8) 


meaning that Ss{<jj) increases linearly with frequency. On 
the other hand, by assuming that E <C hw, i. e. in the 
limit T <^hui eV, Eq. (B.7) becomes 


Ss{uj) Ss{Q) 


e2 10 / r y {huf 

xy [eVj eE ’ 


(B.9) 


meaning that Ssiuj) decreases quadratically with frequency. 

We notice that, for an ABS, Equations (B.3) and (B.4) 
still hold after replacing oj with 2a; and eE with 2eE. 
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